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Tool-life charactoristics nre discussed with rogard to alloy~type
and teol~lifo oriterin, Relatdvely frae machining steels are found to
differ from alloy stoels in that thelr constant wear-land Taylor curves
are parailel to tho total destrustions A tool 1ife based on total
destruction and one based on a constant given vear Jund appeax to be
Juatified, and rules fer determindng wion each eritoricn should be applied
are .given., A gonerallzed Taylor plot for tocl life is progsented, which
clso contains cost-optisim information,

A quantity is derived widch is proportionsl to the optimuc cost
per » rt whon a group of cutting flulds io testede The bast cutting fluid
1o tl2 one for vhich this quantity is a minimmm. It is found that in
diffaront speed ranges difforent flulds of a group are most effestivo.

It is suggosted that two typou of water-base cutting flulds bo rocognized)

ono for use et high spoods (l.e., 500 fpm und above) which is primariiy.

& coolant~lilko water, and onoc used at lower speods wherce lubrication adtion
is of importance, A simplo bonch test for rating the high-speed type of
fludd 1s described, and roproamtative rosults are considereds Msthods

of specifying satisfaoctory water-bape outting fluvdde are discussed bxiefly.

\

¥




In’ozjcducrbion

In recent years e large number of new notelecutting {Indde lave
appeared on the rarket end it is an ever move dAfficult question te
decide vhen one fluid is more edvantageous than another. The uany flulds
avallable ray be divided into two generel classep—-oil~tase fluids snd
vater-base fluids. The oll-tese fluids are generally tcinmiledgsd to
be the best bow.dary lubricants, while the water-buse fluids ore cepalle
of tho greatest cooling action. At low cutting spesds the production
of good finish is the chief problem, and boundary lubricztion of the
tool-chip interface is-of major inpoz:tanco; vhereas, :t bigh cutting
speads tool life is morc importunt. and cooling the cuiting tool becormes
LoTe necessarye

The objective of this investigation is to study tho performance
of a variety of wator-base cutting fluids and to atterpt to dovice methods
of nasessing thelr relative values.

In the past, most tool-life studios have boen roxformod ox stools
that ars easy to rachine, inasmych-as such stecls are used in larys
volumg, principally in automatloescrew machines, Muck l9ss attention
has ‘been given to alloy steels, and it vas decided carly in this invesiizo=
tion that tho influence of cutting fluids on.alloy steols should rocoive
particular attontions It was also thogght advisable to employ @ mldiplsee
edge disposable type of carbide tool, inasmuch as such tools are being
used in over increasing voluma,

The question of whether tool 1ife should be messured by totel
destruction or when a cortain value of woar lond has tocn yeachod is one
that has beon much debated. It sms, therefore, decided to look into
this mattor in connestion with this study. However, it wns recognised
at the outset that tool 1ife is only of importance whem it influences the
zanufacturing cost per part, and should not be conaidercd to bo the
principal objective. It wes, thereforo, evident that tho ultdrate rothoed
of ceclding b.tweon two flulds should be based upon thoir relative influence
on the cost per parts Need was felt for answers to such questions ass
is tho cost of a culting fluid of importance if it really provides suporior
performanco? and how muich edditional cost for a cutting fluid is juntified

1




in & given instance? 4An attompt to glve gemoral ansuaxs to these juestions
will be mode in this veporte

Tool Life af AIST 4340 Steel

Sinee this investipgacion was confined to a comparison of waterw
vace cutding {lulds, and since such fluids ecre ussd prineipally as coolants
at high outting spesds in order vo incresse teool life, it was declded to -
fivst invostigobe the influence of cubting flulds wpon tool 1ife. After
a numbor of proliminary tuste a disposable~typs carbdde bool was found
uhich pave vory pgood resulin, and this tool wos adopted for this study.
The charactorisvics of this toel and tie cutting conditions used follows
Carbide Typer Stosl cubbing srad§ C-5.
Caxbide Sizes 3/8" x 378" x 1-1/2" rectungwler parallolopiped,
Tool Anplen:
Bagk-Rake Angle, <70
Sdowlako Arsde, 70
Bnd~-Redlof Anrle, 7
Side-Relicf Anpgle. 70
nd-Cutting~Edpo Anglae, 159
Side-fubbing~Zlge iaple, 159
sone-Raddus, 1/32 inch
Food, 0,0104 ipr
Donth of oub, 0,100 inch
Cntting spond, wvariable

Rypw—

saetn ool dasort hod oiphit cutting edgos and when tiic.19 aad beun v.2od the
warbide incurt wes dlsecrdede
The vorl materind used var anneeled AZSI 42,0 nbosl (brirel) hardness

35) s

- It wma deeldad to thorougidy investigate tho natued of the toolw
11fo evtting spxd cuxve for PISL 4340 steol using &, iv . cubbing fluid
pefory running lests on a varlety of fludde, For sl Liitdsl suudr it
-85 decided to :sc hap vater without any additive, oiuvu  ig provided
- eonvendent coosteat sovree of ratordeld that would el cxrope in coacene
rotlon with 1 - rad woudd et becore cordasiyutel, rinaz it wes rob
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recirculsted, It was also thougitt Lest to run all tocls to total
lestruction so that o compariscn could be mado botweer cuves of constent
wear land end tho eurve of total destruction. This requirod thot a
largoe amount of matorial be cut, and sore tosts involved an mony es 16
hourn of ocutting tiwe.

The water was nppliocd at the rate of 1-1/2 gal/min ot Yegperature
of 609F and was dirocted down onto tho tool face and the bnek surface
of the chip. The lathe usod Jn theso tests was equippec with a D.Ce
motor so that the cutting speed could bc held constant cs the diameter
of tho work chongads The bars used were initially soven inches in
dismeter and 24 inches long, tnd wero discaxded whon the dimmoter rcached
2.1/2 inches, Tho waar land on the clearanco face of tho tool wus
_peasured after each pass acrosa the work using a tool mplker!s microscopee
In the dnta presented the woar land (w) is shown plottoé againct the
helical distance (L) on the work passing tho cutting edge dn foets The
noint of total destruction is rarked by a vertienl line on all plots.

Several changes wore observed to ocour in the too? under difforent
operating conditionsy (see diangramatic skotches in Fige 1)

1. At outilng spoods above 600 fom tool life wng very niorb,
and there was evidenco that tho temporatures pertainin; st tho tool
solit ware too high. The cutting odge was observed to I ow plastjcally
under tho cutting pressure and changed its shapo as shov: in Fige 1be

2. A oroter was found 1o develop on the top eurfuco f the tool,
sarticularly in thoe spood runge fror 300 to 600 fpme This craier {irat
agpeared a short distaneco from the cutting eodge and thon grew fin both
directions (Fig. 10)e Usunlly whun the arater just reaciod tho cultlng
ndge tho tool would feil corplotoly.

3. A vear land was found Lo dovelop on the principal eieasmnee-
clonranco faco of the tool (Fir. 1d) at al spoods. Thin Jond (V) vas
conveniont to meamuro and waa rocordod aftor oach pnan 1: 011 Snptn,

/s Chipping of tho cutting odgo wau axpordenced n aarly Loata,
sricarily at tho ond of the eut as tho tool broke threw @ the tree

surface, This difficulty wno not olirinatod by providir- a teor oL the
e )
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md of the Lir bo unsdls the vocl o Yoove B2 voul In oo pradued coanndTs
Tt wes found, hooover, that thic ty:o of cidppiu, wan iipdinabod Ly
ddgencaring the fe1d et tio md of tae cvt sud bofers v 100l Lodke
sheourh (Fio. 1),

5 Lt lov eutrir 7 apeeds (belov about 300 <po) :hor wos ovidenco
whet o tudlt-up cdge (EUR) wos oyroscnt ot the tool tip (4. 19)e This
ovidenco wee in ths forw of 4 rovher cuddon incresso in worlpioco roughness
with decreaso dn spsed wod a Jdeercastd 4endonzy for the srater to grow
tovard tho cutting odgo at tis 3amo ooood. Whon the BUE wus wrovent the
ereber did not reaeh the entifng odgo by groving towsd it, ¢o ab higher
apsods, bub rather by t.o weny land nphreachlng the oestar,

Wear land curves for ATSI /340 steol ot using seior o8 .o cutting
flvid aro given iu Fig. 2 and tho corresponding Teylor Plowo arv plven
in Fize 3« Tho appcaranco of tho wepy land as it prss vas as vhowm in
Pig. 4o ab all spo.ds execpt tho very lowest (50 fpm)e Tho particular
wear pattorn shown in Fig. 4a is for a spoed of 400 fp2.  Tho wear land
was osgontiodly constant acroas tho cutting cdge excopt for the rogion
¢t tho outer edgo of thie chip (region C) where the wear land vos somewhat
groaters At a spoed of 50 fpm (Fig. 4b) the wear land at the outor odge
of thie chip was oven more pronounced end thore was additionsl woar in
rogion A ab tho tool tip, The value of wear land that was plotted was
vhat for ruglon B in mll causy czeopt for 52 fpme  Cinco tio additionol
wear prescnt at roplon C 4p not ticuglt to bo irportons ulth rogaad to
»001 porferranco and Inuomvch ap it is go far romevod frow the cutting
wdgo, thio detull wae 4imored in tho analysio of tivz weor dwtn. The
curves of Fige 3 ripronunt & vory complox pisture corpurcd st the
counlto gonorally cbtalnad vaing o fyes rachindug shecls The following
sboorvetions rey bo rede witsr studying Fige 2 and 33

1. Tho tetul destruction curve is a straight linc only for
spoeds butwoen thed whero tun BUp dieappoenra (200 Tpm) awl tlal waore
taw teol 1s overheated and {lows plastie:dly (600 fpr}e tho prosence
of the BUL cavpoy tho total cvstruction curve te 11l L.lsy the 1iness
curve for tho 300.530 ppued varge and to oventumdly wlerjo o corplete




roeversal in the region where the BUE is very larpge. Tims, at epeods
below about 100 fpm tho tool 1ife (total destriction) ic actua]]s: increased
by increcsing tho cutting speed.

2. The 1ines of constant wear land are vory complaxe At speeds
cbove 300 fpm, whore thore is ro BUE, tha constant wear Jiand curves have
o slope of approxinntely 45°, which means that theo sizs of the wear
lend dopends only on the helical distanco out (L), and is indepondent of
the specd from 300 to 500 fpn (eoe Fig. 2).

3. Vhen the BUE first appears ‘the vear land eurves rise, indicating
that in tho rogion from 250 to 300 fvm thio presonce of tho small BUR
nresomt 18 beneficial to the rete of devolopment of ths woar land,

4Le As the BUE gats largor and as the speed is further reduced,
it has a dotrimoental offect upon tho rato of development of the wear
land, In Fig. 2 the wear land 1s soen to develep at & leus rapid rate
at 250 fpm than at 200 fpm, '

5. The very low veluo of tool 1ife (totel destruction due to
croter formation) at 50 fpn is undoubtedly due to the laro BUE prosent
at this apood and the consequent lerge size of the individua) wear
rarticles that aro pullod fron the tool. As will bo showvn lator when
finigh considorod, the BUE is a maximum ab 50 fpm for thin work-tool
corbination. Ve should thon expect tho tool-life curve to riso at speeds
abovo 50 fpr as shown by tho dotted curvese If this ir tho eago, then
50 fpm would corroopond to & "Vnlloy of Death," widoh 1o a pleturesque
term that has been usod in the literaturc to doscribe n apoed for vhich
tool 1ifo iuprovos upon leaving this speed in oither direction. It
should bo notod that for this alley otosl, tool life w1l oontinue to
incrense with spood to a spoed of 250 fpm if a wear land of frem 040 to
1030 inch 12 taken as tho earitorion for tool life, Hovevor, it is also
important to noto that the "Velloy of Doath" discussed hero is one whieh
occurs in 40 roglon of large BUE (usunlly from O to A0 fym), whoreas
nost otiior discusolions of this phonomonon are concerned vith wery hich
npoodse It appearc that vhon cutting vithout a BUE tool ife (no matter
how defined) will always dooroase vith an inorease of cutting speod, and
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wndor such conditions a "Velley of Death™ will not. bo obaozvod,

Other Steels

In contrest to tho complex ploture of Fige 3 for AISI 4340 stoel
vo have the rclatively simple casc for softor steolse In Fig. 5, 6, and
/ are shown vemlts for AISI 1020 steel, Roprosentative woar-land patterns
To siovn In Iige 7. In all cases, the vwear-land values for region B
~ora plotted. In Fige & and 9 drnta are shown for AISI (5]'.1_17 stoel, For
.oth tho AIST 1020 und C1117 oteels, the lines of constant wear Land and
~otal destriction wore found to bo exactly mtrallels This tay be talken
‘o ronn that for tho, softer unailoyed stoels the crater pleys o rilatively
cnimortant rolo and total destruction occurs when the womr land reaches

cortair criticul value. The rode of to0l fellur: i3 bL:licved to be
‘soocinted il a seftonin: of the werk raterial along thie wear land and
sudden inerease in the centect area and mmber of welds ccocwrring per
21t Lime wion tho wear land and hence tho wear-land terpnersturo rosches
particular values This mochonion has bean described in cotaii in a
cevices papor (1)e In contrast Lo tho roft unalloyod stecls, AISI 4340
tool g stronger and were reofactory. Ttes groater strength will incroase
2o proscure botwoen ehip and tool and increase the tendency for u crater
to torm, uiito ite greator tendeney to retadn its havness et higher
Lepperntures vill provent a wear-land fallure from ocauwrring. Time , in
thu enso of RIST 4340 steel ve Lird tho Teylor curve of %total dooruction
‘o male a consldoratlo argle with the curves of corctent woear land which
early dndieates that in thie cuoe total destruction results fro:. Lhe
cober el vt fror tho veer Yand.  Thio materinl is in fact so rfraotory
ctotie ride of develorrent of wour lana (W va L) is coemplatoly inde=-
ool il epoad to 500 fom 1L noe BUF le prosant,
wobiue (7)) has progontad Leolelifa remlis for a rotovial (“uroan
S et 0 RIUT 1968) that Lo dntermeacdate Lobveon e ATOT 1020 and
DoAY vhadioe Tuylor plebs of Webex's deta for oo 1D Cenl ot oo
Shoer aro plven o Pl 100 dioro it do eviaent ot Lhe Yires of

st ond intovecet the Mones of Loted dertamelion ot ro in]..
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but this angle 18 rict as great as in the case of tho ATST 4340 steele
PThe l1inos of consbtant R will bo roferrod to latsrs Weber noted thab
totel dustruotion ocouwrrad at an npproximately constant ratlo of erabor

Ky

Gepth to crater half length (=*) apd lines for constant valuéz of thls

By

ratio are also shown in Fg. 10, Tool failure is seen to occur when

Ko

K.; roaches a value of botwocn about «4 and +6o

From vhe foregoing discusslon it is evident that tha tool-weor
characteristics of a highly alloyed steel are far more complex then
those for a ralativoly free machining steel, The freo rachining steel
w11l have constant wear land and total destruction -ourves that aro
parallele On tho contrary & highly alloyod sbtoel will have a comples
family of wear-land ourves ‘niat are parallel to each .other only In the
absence of BUE.. In addition, the total destruotion surve for such:a
steol will malie a conpiderable angle with the woaxwland plots.

Machining Cost

Returning now to tho AIST 4340 steal the question -arises as to
what speed range should be used in meking a comparipon of different
cutting fluidse Clearly such a comparison should bo mado abt tho spoed
corrosponding to minirum cost per part and hence, machining costs will
be considered nexte

Usually a straight Taylor plot of tool 1ife (T) in minutes ve
cutting spoed (V) in fpm will be obtained at speeds abovg which the BUE
has diseppeared. The equation of this curve is

=0 (1)

vhere n and C are constants depending upon cutting einditions.

If cutting is done at high specd the machine and labor cost will
be low, but the tool cost will be high. The opposite is true 1L cutting
ia done at lov speed, Thore 1o an optimur cutting siced for any machining
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operation wheroe the machining ¢ost per part is o minimume

The costs to bo included in such an anslysis are:

1, Dizect machine and laboir costa (ﬂ‘p) vhare x 48 tho value of
the pachine.and oporator with overhead in cenfs por minute and 'rp 18 tho
nechining time per port in minutos

we€ L ]
2 g TS -E
R Y (2)

vhere d 1s vork diameter, in.
.€a is oxinl length to bo raciined, in,
% 418 the fees, ipr

V 1o cutting spesed; fpn
Lp is the holical distance tool travels in machining a part in feet..

' by
2, Tool chenging cost per part (’“d"i?") whero T4 46 tho down time
o change tocls in minutos and (T) io the tool 1ife in mimutes.

Y
3 Tool cost per part (y—,}) vhero y is tho mean wvalue of . single
cutting edge.
Tho machining cost por part thon becoress

7 T
- P &
= + AP r TR (3)
For optimm performence we should liko the machining cost pex part to be
a minimun and analysis shows *hat this oocurs whem the tool iife has the

value
XL &y
£ aY,) — nfd
T = ee{Sl) = R(31) (4)

whero n 18 the valuo of tho exponent of equation (1) and henco, the
inverse slopo of the Taylier plot using log-log coordinates. It follows:
from oquations (1) and (4) that tho corrsoponding coat: optimunm spocd &g

T 2 o | (5)

()"
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and the minimm cost per part is .

£ = (6)

The lines of constant weer land for AISI 4340 stecl (Fig. 3)
have a value of n = 1 for the speed zange extending from 200 fpn to
the 1ine of total destruction, From equation (4) T° is seen to be O
which means that ninitmm cost per part corresponds to an infinite speed.
Yhat this in turn means practically is that for this material minimum
cost per part will correspond to some point on.the total destination
curve rathor than on a curve of constant wear land,

The valué of n for the totnl destruction cuxrvo of Fipge 3 is 0,27
and hence, fronm equation (4) the optimm tool 1ife for minimur coot will
be '
1 = 2,78 . )

Lines of constent R aro shown An Fig. 3 and tho points of Antex-
section of thepo 1ines and the ourve of tobtal tool destruction will
givo the optimum cutting speed (V*) correspondicg to minimm cost pex
part in any cases ZLines of constent R are also given in Fig. 6, 9, and
20,

A specific axample may be-considored to 1llustrato the use of the
corstant R curves. Lot ws assume the following walues of cost for the
tool of Fig. 2 and 3o

x = wsluo of kachine with labor and overhead = 10 &/min (26 per

heur)

Tq = tine to change ond adjust tool = 5 win,

y = valuec of single cutting edge = (in dase of tool of Fig. 3)

5% = 658 12 tho tool 18 not roground and possibls leso if

roground,
Hmca’ ﬂ W
R= --g-« = 10_(?0;#‘62 3 11059
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From equation (7) tho x optimm tool 13fo (T°) ip 31 wimtos and fom
j; Figs (4) the #poed to give minimun copt per part 1s soon to bo 570 fym
- at tho point ¥hers the R = 11,5 line crosses the 1ine of total Yool
\ ) destruetion. \
!.= In arciving at this veluo ve have essuned that 4% S8 permisoible
' « to have o wear land as large as that perbaining et the tohal destruction
condition (approxirately 030 inch)a This will upually be the caso dn
§ rough turning operations. llowever, An cextedn instensis it is not
. pormissible to oxceed a certain wear land for reagony . s¥rdph, vibwation,
{IE wagnitudo of rachining forccs or limitations of powen. 3. in thwe prosent ;
oxarple the largest pexmissible wenr land wap 06040 &z eiy, :Cue to thio finich
. beconing too poor for largor valueg, taen tho optimum ¢ ciating poind ’
S vwould be either
- B 1. wheto the R curve for tho v = 04040 dnoh toci~iifo lino
- B cnooses the w = 0,040 ineh lines The corrorponding woluo of
| ‘ ¥ xay be dosignated Vg en
Ce AN 2¢ uhezo the ¥ = 0,040 inch line arossos the Lo of total
E dagtruction. Tho velue of V in this cate rwy bo desiguted
:, vl °
- Since the imtorsection corrosponding to (1) lios tec tho
cight of thi tobal destructicin lino in tho case of AIY. /240 steel, dtem

«2) awove 13 the ono which obtains in the present capy «wd tiwo optimum
mtting spood for o maxdrum pormdasiblo wear land of 0,40 inch would
* L)

Tt would thus appear ve bwave o legieai enswer o tho questiim
econcorndng Miclor tools chorld to wzed to Just short ¢ w piven woms
lavd or to just chowt of totol desgtrictions Tn zormo ¢ on Hhe ono
selterion gioudd ko ueed viailn in obhies ecages the othey crlterion should

> 3 uoed,
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Cutting Fluld Tests

Tool-1ife romilts for aeveral wetor-base cutting fluids aro
given in Fig, 11 for conditiong. identical to those of Fige 3+ Jn these

tests the data hove boon confined to tho practical turning rogion where

BUE 18 negligiblo. Joth lines of constant wear Jand and wovel destruction
are inoludeds In .each case liros of congtent R have slso been glven

and the value of R ccrrosponding to the tool used (R =.11.5 min) is shown
Dy & dotted 1line.

Tvo exampleos will bo used to compare the performance of these
fluids, First, it will be assured thet wo aro intorested in a roughing
opexetion for which it is nermissible to uso tools to total -&aétrgxoﬁion.
The optimuz cutting cpeed (V') and tool 1ife (T°) in thic ense-coxroe
sponds to tho point where R = 11,5 orotaes tho totul destruction line
for each fluid (Figs 11)» The values of T', V' and n for cach of the
fluids tested are given in table 1.

Tatle 1

For Total Destruction fR«‘-ll,ﬁ}

Fludd n v "tpm 7, ntn, - % ooy
Uater, nonsirculating 60°F .27 570 31,0 +00240 088
Yater, Circuleting GOOF 32 610 24,5 200241 .88
Cutting Fluid A, 2.5% 22 500 40,8 00256 9%
Cutting Fluid B, 2.5% 23 515 385 200252 92
Cutting Fluid , 2.5% 32 610 245 00241 -88
Cutting Fluid D, 2.5% <23 50 38.5 «00255 v95
Dry Tool R4 B0 3604 00274 1,00

The minimin cost por part A is given by equation (6) from which
it is evident that (see Eq. 2)
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- 1
£ (@pm | (8)

Since the quantity in parenthesis is constant for any operation, the

. .
optimim cost per part (;{ ) will be proportlonal to (-3 =7 )
V' (2-n) P

for any given cutting fluid and vaiuves of thds quantity axe included

in table 1. The values of rolative cost glven in tho last column of
table 1 are based on & cost por part in dry cutting of wnity.

From this study it is evidént that all water-bose cutting fluids

give betier results than dry cutting. Tho poorest fliid showed a
décrepse in cest por part over dry ocutting of about &) vhile the best
fluid showed a decrcage in cost Jer part of 12% based on &ry cuttings
The fact that nono of the commercial watew-base cutting fluids vea
better than water indlcates that the major role of tho fluil in this
speed range (500 to 600 fpm) is one of cooling, Wator ohould be
expocted to bo the best cpolant and the performance of the water-bapse
fluids should be cupected to decrense from that of water as theirx
tendeney to form o thick olly deposit on netal surfaces increanes.

Such a thick olly film will tond to doorease the hoat transfer coofficiont

botveon motel and fluld. The four water-base cutting fludds tosted
might be rated in the folloving erder of decroasing offectivenoss fox
use in the opeod range 500-600 fpms

Puld % _Improvement Over Dry Cutting

¢ 12 (eirculating wator 12%)
B 8
D 7
A 6

A second corparison moy bo rade for the case where & vear land
of 0,040 inch cannot be oxeeeded for reasons of lot us gay surfece
finish. The best operating point in this case Nl* and '1‘1*) will be
the point where the w = 4040 inch curve intersects the curve of total’
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destruction, Such vatiues of T," and vl* aro given in table 2.

Table 2

. For Congtant Wear Lend
. of 0.040: nch (R=11.5)

CR, it
L , # * . Ralative
| g | Fluid ~ ¥ fm Ty nin g; __.,g_,j&_
¥ water, Nonciroulating, 60°F 525 0 0026 .87
Vater, Clrculating, 90OF 410 88 ,00276 97
) Cutting Fluld A, 25 460 00259 .91
" Cutting Fluld B, 2.5% 450 65 00262 .92
Cuttdng Fluid G, 2.5 420 80 00272 .96
Cutting Fluld D, 2.5% WP T2 400264 93
Dry Tool,. 2458 420 60 00284 1,00

The equation which in this caso coxrresponds to equuntion (8)
pay bo readily shown to be

T, 4R
,{1* 2 (ﬂ‘p)‘ii‘_’; (9)

vhere the quantity in parenthesis is asgaln a conatant for any given
operation. Henoe, the minimum cost por part (ﬁl ) with any onbtinn

2
T +R
fluid will now be dirostly proportionnl to the quantity (~L—-~ ﬁl‘-
T

1 l
given in tablo 2 for e value of R of 115

Tho optirnu speod is now séen to range fyon 420 to 460 fpm, end
for thio ppoed range water and watexr-like fluids are tho least offective,
The rolativo rating of fluilds for the 0,040 inch wear land condition are
nov ag follows in decreasing oxrder of effostiveness, '
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Huid 21 provensnb 0viz Dry Cutting
A : 9 |
B 8
D 7
o

4 .ofroulsbing wabexs3s)

Apparently lubrication begins to ba lmporbamt In this dpeed wenge end
tho fluld {a) that was poorest at tho highespead runge of 500-600 fpm
(tahle 1), bocause of ita interference with heat transfor, now eppenrs
to be the wost effectiva fludd for tho 420 to 460 tpn spoed rango. The
range of offectivencss of tho conmmereird flulds is stdll seen to ba
sbout 2 to 1 bhut the order of offectivenssa is entircly changedo

S$t411 another corparison of the offectivencas of these cutting
fluids can be made fox a cnse where the tooling ia rolativalg cponsive,
Lot us consider the sposific case wheve tools are wum to just short of
total destruction and the value of R hap been Inoreased by o facter of
four to & valuo of 46« The quantitios of intorest for thisc ceample nre
glven In table 2.

Tablo 3 '
Yor Totnl Dogtrustion (R=46)

%
Fluld a Y fm 7y un 'ﬁﬁ; vl
YWator, Yoncireulating, GQOF 2T 390 124, 00352 92
Vater, Clrculating, 90F 32 390 98 00376 .98
Cutting Fluid 4, 2.5% 22 370 163 00346 W91
Cubting Fluid B, 2.5% 23 375 154 00347 W9
Cutting Fluid C, 2.5% 32 390 98 L0377 9
Butting Fuid D, 2.5% 23 3N 154 00351 «92
Dxy Toold YIA 345 Y6 0382 100

The optiram speed iz ..w atill lower, ranging frou 345 to 3N
fpne  The roloative ratings of the fluids are as follous:
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’ Nov the water and waberwlike fluid (C) ere seem to b not oply the -

The feregoing analysis of watexwbase cutting flnlds has clearly
‘ shovn that two distinct actions are preasnt which are not completely
g corpatible--a lubrication action and a cooling actions. For the AIST
' 4340 stoclecaxbidetool combination used in these experiments, Sooling
. neoms to be of negligitde importence for specds of 300 fpn and beZex,
| ) while Iubrication sstumes an incroasing rolo of importaiicts On the athew
. _ hend, ot speeds of 600 fpn and above, only cooldng soens to. bs bene-
fioinl and any lubricating properties a fluvid mey havo appear to bo -
detrimontal. OFf the fluids tossed 1t would appear that findds A and B
have the best lubwicating chryactoristies, while wator and {lvdd ¢
bave about the pame -cooling chargecteristicn. Fox cubting ab speeds
from 300 ¢4 500 fpm fludds A oxr B should be used, but for speeis aliove
500 fpm fluid O would bo distinotly betbor,

The bost performance fox ench of the three cason considersd
in tables 1 to 3 are sumsarized in table 4., Here the optimam tool life
is seon to go fron 24 minubes to 60 ximutos as the ariterion of failwre
changes from total destruction to & wear land of 0.040 inch. The
optimuz life rises to 163 minutes when R is inoreased fxom 11.5 to 46,
The deorease in cost in golng from a weay Jand of 04040 inch to total
destruction is soon to be of the samo order of wapmitudo as the deoromse
in coat assooiated with the use of a fluid, A very lavge difforenco
in cost is seen to Do agssoolated with a change dn R, 4s lass expensive
dieposable carbide tvols ars developad we should expest V %0 increase
and T to doorcase to values &s lov as 20 mimutes, For such tools
vater-type flulds should be roro widely used at highcr autting specds.
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] Table 4.
Summa¥y of Bebt Perforzance
. % Improve
. . 5, *  Relative ment owvee
* Qage Fluld fymn Uofwm e oot pry

Totel deshmuctim,PFll.5 8 2 610 00241 1,00 32
Yeay iasnd = Oegm iheg» R = 11.5 A & PX7 109259 1.07 9 ‘ .
Total destruction, R = 48 L 163 370 L0036 144 9

Cubting Muid Cost

The quantity (_“E%} 1# not only usoful in deciding which fluli of

& group is best, bub it can alao ba used to detormine hoy mich e exe
justified 4in spending fud o particuwlar cutting fiunid. This ig wost
effectively illustrated by on example, Lot us assuze that & part is to
bo produced undor the following conditionas
x = valuo of machine and labor = 10 #/=in (£6 per bxs).
4 = dimmeter of part = 2 in, ’
-ggsazial length of part = 2 in.
$ = foed = 4,010 ipr
The quantity in psrenthesis in equation (8) is then

Frem table 1 the walie of cutting fludd A to thie operation (essuming .
tools are uticd to total dostxuction) 1s cloarly

ot - - -
B azy = &) = (1050) E%)M (’L”l

= 0,19 , A per parte
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If $his £luid is used as & 2-1/2% solution and the comcontrate costs

g 4 pee gallon ‘then the cost of tho solution will be (.025)g: A/eallon,
If N parts cin bo mede per gallon of solution (including frujout with
chips, evaporation, replacenent, stc.), then the cost of £luid per part
w11 be (é-ﬁiﬂ) . The use of cutting fluid & 4s justificd’ss a cosh
basis £ )

% 28
ﬂ*dry"“;}"gi}x

In the above exenple fluid A -costs $R2,00 per gallun-and hawz:aa, ‘for the
ﬁnidtobx\duatifiedmacost basis '

~o" 19
N ?’%ﬁ (+025)200 ~ 04

Thé nusber of parts that may bo produced per gallon of sclution will
groatly exsead 0.04 and henoe, it would appesx that tho fluid is certainly
Justified on a oost basise

The optimmm total eost per part including mechining qosts and
flufd costs wi1l be (£* + SB} in eny particular case vhero o is tiv
concentration of the active ingredient that is used, The f2uld of a
growp for which this quantity is a minlrmm is the most economical one
to use and hencd, noxzally should be the vne used if othur conditions
arve oquivelent, Tky cost of the fiudd per part (3) will norwally bo
coxpletely negl!.glblo comparc:‘. vith the uchining cost pexr part and

m 'rlm, it is clan' timt ifa parbimlar ﬁuid really does a

superior job and the machining cost per part (A') is requced any measur
able amount by using it, this wator-bage fluid shovid bo used regardless
of vhether the concentrate costs cne, ten, or twenty dollars per gallom.
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Free Machinlng Steels

Treo machining steels have lines of totul destruction and acnstent
wear land whith are parallel, The fluid giving the boot perfortencs with
such a steel will always be the one for vhich (L S ) i leagt

D
¥V (len) -
where V* is the speed corresponding to tho point. of intersection of the

proper R value and the allowahle woar land (ox total destrustion 1ins)e
BEquation (8) will apply in ol casos for fres machining or mild steels
(such as AISI steelss BI112, €1213, (1117, 1018 or 1020) and whether

wo work to a -gnngtant wenr land or to total destxuction. As an cxample,
considor Fige 6 and a tool for which R %g 40, I€ the tool is carried

: 4 1 )
to total deﬂtmctio'n (v*(l.n)) would be (1250) (l“‘I:’) or qmlﬂo It,

on the other hand, tho tool hed to be taken from service vhen a wear
land of 0,05 inch was reachoed to wmoot othwr specifications, then

1 5 !
v*(l‘.n) woula be 520) [Xmeri? or 0003645

The value of the tool actually u;sed toe obtain tho data for
Figo 6 had an R value of 11l.5 (same tood as that used for Fige 3). If
wo wore 1o cut AISY 1020 vwith this tool under optimun conditions we
would have the following valuosg

™ =115 (-;%7-- 1) = 12,5 nine
V' = 2600 fyn (from Fig. 6)
ps*/amp 2 0,0007250

If howover, the particular lathe evailablo could not turn the werk at

2600 fpn, but tho raxirmm apeed was lizited to 1000 fpm we. would them
havo ]

vi = 1000 fon

i.nFig‘ 6

o 'rl*m
ﬁl“/:sL = ~Soeme = 0001165
P
Vl Tl

'J.’i = 70 min (ix)ateraection of I=11.5 aud total destruction line
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With R = 11.5 and w = 0,02 inch ag tho tool-1ifa criterdon Ve vould hove

* 1 -

| T = 11.5(.4,7&.) 2 125 mine

TN = 950fpm (iutorsoction of R = 11¢5 and w = +02 1ines)
cf’/xnp = 0,00198 A

- The values in theso goveral examples are sumsarided :in'tabla 5o

,. k- : Table 5
NS :
R ‘ Suwmmary of ATST 1020 Exomolos
o Life # #* ‘ Rela’bive
- Criterion R e ¥, o A1, Cogt

T Totel destruction 115 125 2600 .000725 1,00
Vs = 1000 1.5 70 1000 (001165  1.6L°
w = 0,02 in. 11.5 12:5 950 400198 2,73
Total destruction 50 4502 12500 00151 2,08
w = 0,02 in 20 4B 520 00364 5002

It is evidemt fyom table 5 just how important it is on a cost basis to
1o oparato with low values of R;
2« uge tools to as close to total destruction as possidlo;
3« bo ahle to oporade at optimun spoed even whon puch spoods
are vory high, ‘ ’

“

%
By comparing veluos of (s LS g ) for differont ocutting

vV (1~n} n‘p

fluids vhen cutting e froe xachining steol we again havo a conveonient
nethed of comparing the porformance of these fluids on a cost besis,

Steols of Inbermedlate llardness

The free-machining steols have been seen to glve one typo of
Taylor plot (lines of constant wear land and totad destxuotion parallel),
while alloy steels such as AIEI 43/0 or preatexr alloy co:tent give anothar
{2ines of constant wear land at 45° to line of total destruction). Still
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other sbesls 6f the type AISI, 1043, 108D, 1080, 340, v ©320 131 glve
Taylor plebe inbormediats Lotween havse for MISU AS40. il AL 1027,

For such sheels oquaty n (8) will alwaye be oppricatl .. tonls carred
vo tovel destzuctions For operabizn to a coustend wei: .sud, equation
{8) will apply only when tho Intexroction of the R Livas ond the lina

of constant wear land 1le3 to the Joft of thy toted drsbw2cdon Jiao. .
In such casos the value of n to be used corrasponds tu Jat of tho wear
land and net to the total destructlon line, In those casop where

the intorsection of the R 1ine and the constant weass anl cuyve lios to
bho it of the tobalwdeatruction 1ine the ireatment fo: & conmvomb
wear~land cage showld be as fn the ATST 4340 oxamplas or wiceoly ;1coonted
(1.0, equatior 9 shovld be used 4n placoe of oquation £),

Gcol‘.!;\g m‘mnctmiqtica of Flvidn

The results obtained with the AIST 4340 steal i.dlcato that atb
opeeds in oxcesn of 500 fpm, whexe no BUS is prosent, todling is uhe
wajor function of the fluld, Uhen spesds of tho ordoy of 1000 fpu are used,
It appecars that there 1o not oven tire for ccoling, nou 0 nenticn
lubrication action. With AISY 1020 pteol out ab 1000 Tpm nolther the
fluid used nox its method of applizusion wvus found to wve uny effiot on
tool lifo,

Thua, in 'bha‘:}lribgrmcdiate gseed range (L.0s, ooV BUE spoeds and
bolow spocds whexro/is not time for cooling) ths coolin: chavacteriziies
of tho fluid are thought to bo very important end it 3:wv’d 20 posilible
to meagure the relative ability of éiffez*cmt fiudde to cuol o hot “wdy
Yy o suitablo bench test. IYn considerdny the times aviiabla fox waciing
« tool or workplseo, there appesy to be twe values sinteh should Do
considered,

1, As tho wotal cut crossen the shear plane it &3 bigldy deforned
«nd pructically all of tuo doformation enorg’ ends up i3 Lthormal endvgy
vhich raises the tom-orature of the chip. Auy heat that can Ve exisacted
from the bact of the chip vhile i1t is in contact with a3 tool will halp
lowor the equilibrium tumpoxature of tho tools The 410 for this cooling
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is vary small, since the tire of contact between chip and topl is very
shorte If we oub at 400 fpm the vclooity of the chip will ba about 200
fpm, the length of contact bebweon chip and tool will ususlly ho 0,040
inch or less and hence, the time availahle for cooling the chip 141l be °
aibout, {04060 . o 001 geo,
g - (200)(12)
N 2o .Tho temperature of the retal spproaching the ghoar plone will
‘ be lowered by heat transfer betwecn the fluid stream ond the bar. The
S time the fluid stream is in contact with tho workplecn ip rolatively long
< and my bo estimated by dividing the half? diameted of tho fluid stream by
the product of thu feed and the xpm of tho bare Thue, if wo hnve & four
inch bar being dut with & 0,010 ipr feed at 400 fym, the rotative speed
will b of the order of 100 rpm, .and tho tire of dircct contact botween
fluid and work up to the shear plane will be ‘(i%(o)é(o).'é“}' or 30 socorids, if
the fluid stream 1s assumed to bo one inch in diamster enu centered over
the cutting edge of the tool, :
"The temperature difference amsociated with the peoond tire is not
great amd the hoat removed from the bar is & relatively long distonce
from the cutting edge. Iurthermore, the cooling capancity of all watstwe
base cutting fiuids 1s about the same vhen relatively long cooling times
are involved, The chip 1tself will havo a temperature that is at loast
600°F and heat extracted during tims (1) is olosely locatied to tho cutting
edge of the toole It 1s, therefore, thought that the cooling thut ocours
during time (1) 15 tho most eignifican’ with regard to the influecnco that
vatexwbase flulds have upon highespeed toel life, Apparatus was, thersfore,
constructed to study the short-time cooling chaxacteriastios of fuidse
A heater was bullt consisting of a steal plate; hoating coils, and
ingulating fire brick. Tho plate wus 1/4 inch thick and the heater
consisicd of rosistance wire wound on miea, Temperature of the plate
vas altsred by mcans of & variac, An iron-constantan thermocouplo was
brazed to the face of the steal plate at a point 0,01 irch below the surface,
and tho cold junctlon was at roem temperature. The thormocouplo cutput
was fed into an osellloscops and a 35-:m camora was uned to photograph the
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roaniting traceas.

Afbex the plate temperature had reached equilibrivm the fluld
wag dirested onto the thermocouple junction and the tew)ecdture trace
resorded for the firpt fev milligeconds afber impingement, & representative
vrace for o stresxi of woter is showm ia Fig. 12,

Resulis of & numbex of teste ohtained using water and different
watex~bagse fluids are shown in Fig. 13, Here it is semm

1, thet water is the best coolant; -

2. that fluids A; B, and C are not quite as good as watar, ut

approxirately the siure ps each: othar (flvid ¢ is the best
coolent of this group end most like water);

3. that the .poling capacity of an ale jet is vary poor xelutive

tc wator or water~base fluids,
4o that f1uid E, which io the old oil in water mmlsion, has poox
coolling chaxacteristics duc to its olly naturv end the rasulting
Jow-lisat transfer coefficient.
A1 of these cbserwvations are as night bo expected from tatle 1, and this
simdlarit; tends to fuxrther indicate that the fluid action that improves tool
}ifo in tho vioinity of 500 fpm As primarily one of cooling.

This cooling test in itsclf is not sufficlent to {ive tho complete
ploture for cutting fluids since it says not.ang regarding the boundary
lwrication action that Lacomes impprtent at speods below 500 fpm, However,
it does scem to correlate well with teol=life repults forr spdeds in the
vieinity of 500 fpmo

Surfyce Fintah

Toots of the surface finish produced using differont water-bage
cutti . fluids failed to revesl any significant differenco. In fact, &
dry tuol gave Jinish results that wexro as good ap thopo cbtained with
tic flutds at speous above 150 fpme Thesu tests vere ull. run 4n the
shocnue cf foed ravhe by 1 terchun in, feod and ldepth of cut anc twrning
tau toed t.grouph 99 Tiu . teeurdcus rovides a cut tun. 8 cumotly
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“quivalent to the conventionsl cné, bub the surface which vosults bas
foed varks: that ave 0,100 inch apert, insteed of -bhé usual feed spacing
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of 1,010 inch,

The vardation of suxrface £inish was found 10 be strongly derg\ndmt
on outting speed for speads below 150 fym, & mn:d.mm roughness. vas £’omd
at gbout: 50 fpm. Below thds spesd the roughness m fourd to decreass
just as 4n golng to epeods. aiove 50 fome The lack of peneltivity of

finish-to the cutting fluid used mede it evident that this ves not a

good variatle to use for rating watox-base sutting fluid parforsance.

The best way of rating the performance of water-bass cutting
fluids appeexs to be in terms of tocl-wear characteristicss The recommended
prooedure involves ocutting tests under constent conditions with the
exception of mutilng speed and cutting fluid. Tsyler plots of tool 1ife
(\n terms of both constant wear land and total destruction) shoyld be
prepared and 1dnes of constant F added to these plotss Fivm such graphs
it 18 possibleto coxpute values of the iusmbity (;;t—)s) vhize V" 18

) ) 5+

the cost cptimum cutting epeod and n is the inverse slopo of tha appro-
priate Taylor curve, The quantity (?-L—% has bsen ghova to be

directly proporticnal to the optimun cost per part and hence, represants

_an idea) measurs of the parformance of a cutting fluid, Represontsiive
‘results are odnsidered in detail for ATSE 4240 steel and the application

of tho genexsl method-to awy type of steal is dimoussed,

It was found that the Teylor plots for conatant wear land and
total destructica are basically different for relatively frsely cutting
steels and steals ldke AIST 4340 The formew axe shown to involvs s
woarwland failure, while the lattor oyo shown to fail by cratering.

It is found that, in rating watex=base cutting fluids, tho cost
of the fluld my be ignored, sinco it ig insigiflcant ralative to the

eachining coat sor pazde
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Good: correlatien B beon: found between sliortetins choling-testé
tests (0,001 sec,), end the toolelife. nhuvacteristics of cubting fluids
used at speeds above those where BUR1s present, end balow those vhere.
. time for cooling is still availatlo (1.es, 4n tha viethwity of 500 fm Yor
AXST. 4340 stesll, Hwavew, such & toat doés na’- provido a usam
ploturd of cutting-fiuvld astion for the region vhm;e lubrication aotden °
is dsportent (below 500 fpm)e i
It doop not appesr possible to wiite & single, mmaﬁma ﬂpeciﬂcation
for cutting~-fluid performance, The yoletive rating ot a. grdup &f £luids
will depend not culy wpon tool and vorkpleee details, !mt #1080 vpod the
apeod range invdlved in uge,
Th wwuld apposs bhat use.of st lossb v typen of @ta&h&l&"? |
fluidp are justified., One is for use at spoods of 500 fpm and above where
.cooling capacity 18 of major importenss. Such flutds could be spocified
by referenco 40 & benchetypo cooling teab sich as that doseribed in this
veports The second type of £lwldis one for use at gpoods bolew 500 fpme
A parforiance specification for such a ﬁ.uid could be glvon as 4 cortain
ninmmn acceptahle percentage lmprovement owr dry ¢ubiing vnder atand-ml
conditions at a glven speed gach aa 300 fp;.

Do éﬁw&&dﬁm ,

The authors wish 4o acmowledge the careful woxis of Messrs, Relph
Bowley, Ce V. Ohristiansag, Varsbed Heblanian, and Re Okabe of the ‘
HechinesTool Division of MIT in.collesting the data end preparing the -
grapus. for pregentation, This work was supported by a grant from the
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Fig. 2 Veur curves for ennecled AISI 4340 steel cut using o carbide tool
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Depth of cut; 0.100 in; feed, 0.0104 ipr; fluid, tep water applied
et rate of 1-1/2 gal/min at temperature of 60F.
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Tool life-sp~ed curves for difforent cutting fluids uged in
machining AISI 43/0 steel with & carbide tool with the following
ASA geometry: =7, =7, 7, 7, 15, 15 1/32 in. Depth of cut,
0.100 in.; feed, 0,0104 ipr. Rate of fluid flow, 1-1/2

gel/min.

a. Noncirculating water at 60°T.

b, Circalating water et 90°F. .
c. Dry Tool.

de Cutting fluid A, 2,5% in water,

e. Cutting fluid B, 2,5% in vater,

f. Cutting fluid C, 2.5% in vwater.

g Cutting fluid D, 2.5% in vater,




Fig, 12 Cooling trace
for stirsam of
water directed
upen surface
of steel plate
heeted to 600°F,
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Fig. 13 Cooling curves for different fluld streams directed agairst steel
surface heated to 600°F,

a, Water stream,

b, Stream of fluid A, 2.3% in water,
¢, Stream of fluid B, 2.5% in water.
d. Stream of fluid C, 2.5% in vater.
8. Stream of fluid E, 2.5% in wvater,

f. Stream of dry air,




